Introduction
Sonic Hedgehog (Shh) is a signaling molecule indispensable for vertebrate embryonic development and adult stem cell maintenance. Impaired regulation of the Hedgehog (Hh) pathway can cause of various birth defects and diseases, including Holoprosencephaly (HPE) and a several tumor types (Bale, 2002) . Shh is synthesized as a 45 kD propeptide encompassing the signaling Shh N-terminal domain (ShhN) and an intein-like domain C-terminal domain (ShhC). The ShhC domain mediates an autocatalytic cleavage of Shh (Hall et al., 1997) , resolved by the addition of a cholesterol moiety on the C-terminus of the 19 kD ShhN domain (ShhNp) (Lee et al., 1994) . ShhNp becomes further modified with the attachment of a palmitoyl group to its N-terminus (Buglino and Resh, 2008) . Lipid modified ShhNp is then secreted from expressing cells through a mechanism involving Dispatched1 (Disp1), Scube2, and ADAM metalloproteases. The release of ShhNp from cell membranes might require the removal of its cholesterol modification, which results in soluble and biologically active ligands capable of noncell autonomous signaling (Jakobs et al., 2014; Ohlig et al., 2012) .
In the absence of Shh ligand, the receptors Patched1 (Ptch1) and Patched2 (Ptch2) inhibit the signal transducer Smoothened (Smo) through a non-stoichiometric mechanism (Alfaro et al., 2014; Taipale et al., 2002; J. Zhang et al., 2001 ). Ptch1 and Ptch2 are extracellular Shh receptors that regulate the Hh responses in vivo (Allen et al., 2011; Goodrich et al., 1997; Izzi et al., 2011) . Binding between Shh and Ptch1 appears to be largely mediated via the palmitoylated first 22 amino acid residues (Qi et al., 2018) Shh that is part of a larger and highly conserved motif resembling a zinc peptidase catalytic domain (Hall et al., 1995) . Structural analysis of interactions between Shh and Hhip showed that they resemble molecular interactions between matrix metalloproteases (MMPs) and the tissue inhibitor of metalloproteinase (TIMP) (Bosanac et al., 2009 ). This observation is consistent with the notion that Shh is a peptidase (Roelink, 2018) . In Zn 2+ peptidases, the Shh-E177 equivalent abstracts a proton from the catalytic water at the Zn 2+ coordination domain, which is followed by a nucleophilic attack of the OH − on the peptide backbone. Shh-E177A is, therefore, predicted to be impaired for the intrinsic Zn 2+ peptidase activity. Analysis of this mutant has revealed two interesting properties. First, Shh-E177A is unable to mediate signaling from the notochord to the overlying neural tube (non-cell autonomously), but is more capable than Shh of inducing the Hh response when expressed in the developing neural tube (likely cell-autonomously) (Himmelstein et al., 2017) . Second, purified ShhN-E177A is more stable in solution than ShhN, indicating a cannibalistic peptidase activity that is intrinsic to ShhN. Nevertheless, The conserved catalytic site, and consequently any putative enzymatic activity, has been shown not to be required for signaling (Fuse et al., 1999) , and is thus it is often referred to as a "pseudo active" site in Shh. As these experiments were performed with the truncated Shh-C199* (ShhN) mutant, a role for the peptidase activity might be associated with the processing of the Shh pre-protein or the function of ShhNp. The Zn 2+ coordinating residues H141 and D148 (mouse numbering) have been found mutated in HPE, indicating that these residues are important for Shh signaling (Roessler et al., 2009 
